blocked when the PKA inhibitor, Rp-cAMPS (11 M), was applied for 15 min before and during the 1 Hz stimuUnderstanding the mechanisms underlying synaptic plasticity in the VTA will therefore be crucial in determinlation protocol, ( Figure 1B , n ϭ 6, EPSCs 93% Ϯ 4.5% of control, no significant difference). To test whether ing how drugs of abuse modify the brain at a cellular level as well as in understanding glutamatergic control PKA within the postsynaptic dopamine neuron itself is required for LTD induction, PKI (the peptide inhibitor of of normal VTA function.
Here we have further examined the cellular properties PKA; 1 M) was included in the patch pipette. In dopamine neurons loaded with PKI, LTD was entirely blocked of LTD in the VTA to identify whether differences exist between LTD here and in cortical regions. Like other ( Figure 1C , n ϭ 4, EPSC amplitude 97% Ϯ 12% of control). Blocking PKA activity with Rp-cAMPS after LTD examples of LTD, VTA LTD results from decreased numbers of postsynaptic AMPA receptors. However, we find has been induced did not affect established LTD ( Figure  1D , n ϭ 5, EPSCs 93% Ϯ 5.8% of EPSC amplitude that LTD in the VTA requires signaling molecules different from those involved in LTD in cortical structures. before drug, no significant difference). This observation indicates that transient PKA activity is required for LTD In particular, unlike previously reported forms of LTD, activation of cyclic AMP-dependent protein kinase is induction, but that sustained PKA activity is not necessary to maintain the depression. both necessary and sufficient to induce LTD in the VTA.
LTD pal synapses during NMDAR-dependent LTD. We hypothesized that LTD is triggered by events initiated in the postsynaptic neuron, since we found presion of both the NMDAR EPSC and the AMPAR EPSC. Accordingly, NMDAR EPSCs were isolated by eliciting viously that simply raising calcium in the postsynaptic cell artificially, without presynaptic stimulation, is suffisynaptic potentials in VTA neurons held at ϩ40mV in the presence of DNQX (AMPAR antagonist; 10 M). cient to induce LTD (Jones et al., 2000) . However, we had not ascertained whether LTD is maintained by perWhen Sp-cAMPS was applied, the NMDAR-mediated EPSC was not affected ( Figure 6A , n ϭ 6, EPSCs 95% Ϯ sistently decreased glutamate release from presynaptic terminals or by decreased postsynaptic sensitivity to a 7.3% of baseline before drug application). These data strongly suggest that the LTD mechanism selectively consistent amount of released glutamate. Paired-pulse EPSC ratios can provide a sensitive measure of changes targets AMPA receptors and has no appreciable effect on glutamate release. in presynaptic transmitter release probability (Katz and Miledi, 1968; Manabe et al., 1993). Although individual To test whether the depression of AMPAR EPSCs can be accounted for by decreased AMPARs on the cell dopamine neurons exhibited either paired-pulse facilitation or paired-pulse depression during the baseline pesurface, we performed surface biotinylation to measure levels of surface GluR1 in VTA slices ( Figure 7A ). We riod, we found no consistent change in the paired-pulse ratio after synaptically induced LTD ( Figures 5A and 5B, found that Sp-cAMPS reduced the level of surface GluR1 to 66.5% Ϯ 11.9% of control (n ϭ 11), but did not signifin ϭ 20). Similarly, the paired-pulse ratio was unchanged after application of Sp-cAMPS (11-33 M; Figure 5B) .
cantly affect the level of surface NR1 (80.5% Ϯ 22.7% of control; p Ͼ 0.5; n ϭ 7). The decrease in surface These data are consistent with the hypothesis that postsynaptic changes are responsible for maintaining LTD.
AMPARs is in remarkable agreement with the magnitude of LTD at VTA synapses, and supports the hypothesis We next used a second, more direct measure to examine whether LTD is maintained by changes confined to that LTD is expressed via a selective reduction in AMPA receptors present on the cell membrane. In contrast, the postsynaptic neuron. At the holding potential of Ϫ60mV used in our LTD experiments, the majority of when hippocampal slices were exposed to Sp-cAMPS, we could not detect internalization of GluR1 ( Figure 7B 
2000). We found no difference between phosphorylation
Activation of PKA Is Necessary and Sufficient for LTD in the VTA levels of Ser-845 in control slices versus slices treated with Sp-cAMPS ( Figure 6C ; Sp-cAMPS-treated slices:
In the VTA, two PKA inhibitors with distinct sites of action both blocked LTD induction. Importantly, inhibition of 88% Ϯ 23% of control slice Ser-845 phosphorylation; control, n ϭ 6; Sp-cAMPS, n ϭ 8). These results must PKA after LTD induction had no effect on synaptic transmission, indicating that PKA activation is necessary only be interpreted with some caution, as the VTA and hippocampal slices used for these experiments are not homoin a specific window during LTD induction. Direct activation of protein kinase A using Sp-cAMPS led to LTD; geneous cell populations. Taken together, however, these data strengthen the idea that activation of the occlusion experiments indicated that PKA activation and synaptic stimulation use common mechanisms to cyclic AMP pathway in the VTA causes changes in synaptic transmission that are different from those in the produce LTD. Our results strongly support a model in which activation of PKA in the postsynaptic dopamine hippocampus.
neuron is necessary and sufficient for LTD induction. 50 ms interpulse interval) . These values were then normalized each slice, and treatment groups were compared using an unpaired t test. Control experiments confirmed that less than 4% of the intrato the 10 min baseline before the experimental manipulation.
Despite the novel mechanisms involved in triggering
Voltage-gated Ca 2ϩ currents were isolated in whole-cell recellular protein synapsin biotinylated in this assay. cordings with EGTA raised to 10 mM in the internal pipette solution, and using ACSF containing 1 M TTX, 5 mM TEA, and 10 mM Phosphorylation Assays CsCl. To activate high-voltage-activated Ca 2ϩ currents, dopamine Western blots prepared from tissue treated as described above were neurons were held at Ϫ40mV and stepped every 30 s for 200 ms to exposed to antibody directed against the Ser-845-phosphorylated ϩ10mV. After stable currents were obtained, 11 M Rp-cAMPS was form of GluR1 (antibody from Upstate). Blots were stripped and bath applied. Responses for 5 min before application of Rp-cAMPS reprobed for GluR1 (Upstate). Ser-845 phosphorylation was divided were compared with responses during the 10-15 min period after by the level of GluR1 per sample to calculate phosphorylated Serdrug application.
845 per sample. Repetitive depolarization experiments reported in Figure 3 were carried out as follows. Baseline synaptic currents were recorded Materials under voltage clamp as described above. The cell was then switched Salts and all other drugs were obtained from Sigma-Research Biointo current-clamp mode with sufficient holding current to maintain chemicals International, except for PKI, which was obtained both the membrane potential at between Ϫ60 and Ϫ70mV, and synaptic from Sigma and from Promega. 6,7-Dinitroquinoxaline-2,3(1H,4H)-stimulation was halted. For a period of 6 min, a 200 ms current dione (DNQX) was dissolved in 0.1 N NaOH, and 5 mM stock solu-(1-2 nA) was injected through the recording electrode every 2 s.
tions were frozen at Ϫ20ЊC. Microcystin-LR (IC 50 Յ 1 nM for both Afterward, the cell was returned to voltage-clamp mode, and synap-PP1 and PP2A) was dissolved in EtOH, and 10 mM stock solutions tic stimulation was resumed at 0.1 Hz. When PKI was included in were frozen at Ϫ20ЊC. Rp-cAMPS and Sp-cAMPS stock solutions the pipette, the cell was held for at least 30 min prior to repetitive (22 mM) and protein kinase inhibitor (PKI; 1.0 mM) were dissolved depolarization.
in water and frozen at Ϫ20ЊC. 
